Familial dysautonomia is an inherited autonomic disorder with afferent baroreflex failure. We questioned why despite low blood pressure standing, surprisingly few familial dysautonomia patients complain of symptomatic hypotension or have syncope. Using transcranial Doppler ultrasonography of the middle cerebral artery, we measured flow velocity (mean, peak systolic, and diastolic), area under the curve, pulsatility index, and height of the dictrotic notch in 25 patients with familial dysautonomia and 15 controls. In patients, changing from sitting to a standing position, decreased BP from 124 AE 4/64 AE 3 to 82 AE 3/37 AE 2 mmHg (p < 0.0001, for both). Despite low BP, all patients denied orthostatic symptoms. Middle cerebral artery velocity fell minimally, and the magnitude of the reductions were similar to those observed in healthy controls, in whom BP upright did not fall. While standing, patients had a greater fall in cerebrovascular resistance (p < 0.0001), an increase in pulsatility (p < 0.0001), and a deepening of the dicrotic notch (p ¼ 0.0010), findings all consistent with low cerebrovascular resistance. No significant changes occurred in controls. Patients born with baroreflex deafferentation retain the ability to buffer wide fluctuations in BP and auto-regulate cerebral blood flow. This explains how they can tolerate extremely low BPs standing that would otherwise induce syncope.
Introduction
Familial dysautonomia (FD, OMIM #223900) is a genetic disease that affects the development of the nervous system during embroygenesis. 1, 2 Particularly affected are the afferent fibers within the glossopharyngeal and vagus nerves, which relay information from the arterial baroreceptors to the brainstem. 3 As a consequence, from birth, patients cannot regulate sympathetic vasomotor outflow and have extreme fluctuations in blood pressure. [4] [5] [6] In affected patients, the increase in sympathetic activity that occurs on standing, when venous return to the heart falls, is absent. Thus, arterial resistance and heart rate fail to increase, and patients often have severe hypotension when standing. 3, 7 Yet, despite having very low blood pressure, they seldom complain of symptoms of hypotension. 8 What is not immediately apparent is whether these patients fail to recognize the warning signs of systemic hypotension or they do not develop severe cerebral hypoperfusion due to an enhanced adaptive cerebrovascular auto-regulatory capacity.
Little is known about the long-term impact of congenital lesions of the autonomic nervous system on cerebrovascular control. Most studies in patients with FD were interpreted as indicating abnormal cerebrovascular auto-regulatory control, [9] [10] [11] [12] [13] but this is at odds with the clinical phenotype. First, despite pronounced hypertension with systolic blood pressures frequently exceeding 200 mmHg, hemorrhagic stroke is rare; 14 and second, despite severe orthostatic hypotension the incidence of syncope is surprisingly low. 3, 8 This lead us to hypothesize that patients with FD can buffer wide fluctuations in perfusion pressure thanks to an expanded cerebrovascular auto-regulatory capacity.
We set out to examine the control of cerebral blood flow during orthostatic hypotension in patients with FD and explore its relationship with symptoms.
Materials and methods Participants
Between December 2014 and May 2016, we enrolled 25 patients with FD who had molecular confirmation of the FD founder splice mutation within the IKBKAP gene (IVS20 þ 6T > C). 2 All were recruited from our FD Patient Registry at New York University's Dysautonomia Center. All patients had typical clinical histories and an autonomic phenotype consistent with baroreflex deafferentation, including labile blood pressure on ambulatory monitoring, excessive hypertensive reactions to mild anxiety, and orthostatic hypotension. 7, 15 We also enrolled 15 age-and sex-matched controls with no history of cardiovascular, neurological, or autonomic disorders. Controls were recruited from a pool of volunteers. All were free of systemic illness and were not undergoing autonomic testing for reasons other than this study. All procedures were approved by the New York University School of Medicine Institutional Review Board. Informed consent (or ascent) was obtained in all cases. The procedures were carried out in accordance with the Declaration of Helsinki. No participants received financial compensation for their involvement in the study.
Protocol and measurements
Participants were free of caffeine, nicotine, and alcohol from the previous evening. All measurements were noninvasive and carried out in the morning by trained investigators with medical staff supervision in a temperature-controlled dedicated autonomic laboratory.
Static blood pressure measurements were obtained at 1-min intervals on the left arm with an appropriate sized cuff (Colin PressMate 880P, USA). Continuous blood pressure was measured by finger plethsymography (Finometer, FMS, Netherlands) with the hand supported at heart level. RR intervals were measured with three chest wall electrodes. End-tidal CO 2 levels were sampled breath-by-breath using a nasal cannula and measured with infrared analysis (Ohmeda 5200, BOC Healthcare, Inc., Manchester, UK). The middle cerebral artery (MCA) was visualized through the temporal window by an experienced sonographer using a 2 MHz transcranial Doppler ultrasound probe at an isonation depth of 45 mm or more (Multi-Dop T2 Digital, DWL, Singen, Germany). The angle between the ultrasound beam and the direction of flow was as close to 0 as possible. Once an optimal waveform was obtained, the probe angle was locked in place on a custom-built headband.
Subjects rested for 20 min in the seated position while signals were acquired. They were then instructed to stand immobile for 5 min while measurements were obtained upright.
Symptoms of cerebral hypoperfusion were measured using the Orthostatic Hypotension Questionnaire (OH-Q), a validated patient-reported symptom assessment scale. 16 Patients were asked to report symptoms of dizziness, light-headedness, or feeling like they might black out (OH-Q, item 1) at 60-s intervals throughout the standing test.
Data analysis
All data were de-identified. Mean blood pressure at brain level was estimated from mean blood pressure at the arm corrected for the hydrostatic pressure difference at the ultrasound probe using a standardized formula. 17, 18 The MCA waveform was sampled at a rate of 500 Hz (PowerLab 16SP hardware and LabChart 7 software; ADInstruments). Systolic, diastolic, and mean MCA velocities were measured from the waveform, as described. 19 Area under the curve was calculated from the continuous mean MCA velocity over 5 min while sitting and standing. An index of cerebral vascular resistance (CVR) was calculated by dividing estimated mean pressure at brain level by mean MCA flow velocity.
Pulsatile components were determined from the MCA waveform. A total of five MCA beats were measured and averaged at the time that the brachial blood pressure values were acquired. 17, 20 Pulsatility index was calculated by subtracting the end diastolic velocity from the peak systolic velocity and dividing by mean velocity. 19 Flow acceleration was calculated by subtracting peak systolic velocity from end systolic velocity and dividing by systolic upstroke time. 21 The dicrotic notch was measured as the lowest velocity at the small downward deflection in the MCA waveform after the end of systole. 22 The MCA waveform morphology was further examined by measuring flow velocity at six key inflection points; identifiable as the three distinctive peaks (P1, P2, and P3) and three troughs (T1, T2, and T3). 23 To examine the influences of end-tidal CO 2 on the cerebral circulation, we calculated the slope of the linear regression between MCA velocity and end-tidal CO 2 and compared the steepness in patients and controls. As a measure of peripheral vascular responsiveness, we calculated the relationship between mean blood pressure and end-tidal CO 2 .
Data were first tested for normality using the Shapiro-Wilk and Kolmogorov-Smirnov tests. Descriptive statistics were used to summarize the data. Parametric and nonparametric evaluations were used as appropriate. Differences within groups (supine vs. standing) were compared with paired two-tailed ttests. Differences between groups (patients vs. controls) were first expressed as percentage change and then compared using unpaired two-tailed t-tests and twoway analysis of variance (ANOVA). Linear regression analysis was used to assess the relationship between end-tidal CO 2 vs. MCA blood flow velocity and endtidal CO 2 vs. mean blood pressure. Correlations between variables were determined using Pearson correlation coefficients. Data were analyzed using Prism (v6.0; GraphPad Software, San Diego, CA). All p values were two-tailed, and p < 0.05 was considered statistically significant. Data are expressed as mean AE standard error of the mean, unless otherwise stated.
Results

Baseline characteristics
The baseline characteristics of the patients and controls are listed in Table 1 . There were no statistical differences between the groups in terms of age and sex. Compared with controls, patients with FD had a shorter stature (p ¼ 0.0510) and a lower body weight (p ¼ 0.0147), which are two well-characterized traits of the disease. 4 Blood pressure in the seated position was higher in patients than in controls (p ¼ 0.0403). The In contrast to controls, patients with FD did not have a normal response to standing. All met consensus criteria for orthostatic hypotension. 24 As shown in Figure 1 , systolic blood pressure fell markedly by 42 AE 3 mmHg (p < 0.0001) with absolute systolic values ranging from 65 to 105 mmHg. Diastolic pressure fell similarly by 26 AE 3 mmHg (p < 0.0001) and absolute values ranged from 17 to 65 mmHg. There was no significant increase in heart rate accompanying the fall in blood pressure. Indeed, 85% of patients with FD had slowing of the heart rate accompanying the fall in blood pressure, as previously described. 3 In contrast to controls, patients did not decrease end-tidal CO 2 levels when standing, and remained more hypercapnic (CO 2 standing: FD 41 AE 1 vs. controls 31 AE 1 mmHg, p < 0.0001). Despite very low blood pressure standing, patients were asymptomatic, denied feeling the sensation of orthostatic dizziness/lightheadedness, and all were able to tolerate at least 5 min standing without syncope.
Cerebrovascular responses to orthostatic stress
To determine whether the lack of symptoms on standing in patients with FD was due to preserved cerebral blood flow, we examined the effects of orthostatic stress on the transcranial Doppler measurements.
Typical examples of the MCA responses from a patient and a control are shown in Figure 2 . Seated systolic (p ¼ 0.3549), diastolic (p ¼ 0.4689), and mean (p ¼ 0.8890) flow velocities were similar at baseline. In response to standing, estimated blood pressure at brain level fell significantly in patients (Figure 1 , p < 0.0001), but not in controls. To compensate for the severe orthostatic hypotension, the decrease in cerebrovascular resistance was significantly greater in patients than in controls (À50 AE 2 vs. 10 AE 3 Á%, p < 0.0001). As a result, changes in mean MCA velocity were minimal (À6.4 AE 1.5 Á%) and comparable with controls (vs. À10.8 AE 1.9 Á%, p ¼ 0.1756). Changes in MCA area under the curve were also not different (Figure 3 ,
Regression analysis in patients did not show a relationship between the severity of hypotension and the decline in mean MCA velocity (R 2 ¼ 0.0618, p ¼ 0.2307) or area under the curve (R 2 ¼ 0.0168, p ¼ 0.5466). There was no relationship between the changes in MCA velocity and how fast the blood pressure fell within the first minute of standing (R 2 ¼ 0.0035, p ¼ 0.7764).
Furthermore, we divided patients into two groups: (a) those with less severe orthostatic hypotension (systolic blood pressures standing > 80 mmHg) and (b) those with more severe orthostatic hypotension (systolic blood pressures standing < 80 mmHg). Yet, we found no difference in change in MCA blood flow velocity (p ¼ 0.9597) or MCA AUC (p ¼ 0.226, supplemental figure) . Taken together, the findings indicate that with a congenital autonomic lesion, cerebral auto-regulatory capacity can be expanded to regulate blood flow.
To further explore the adaptive mechanisms of the cerebral vessels, we examined the morphology of the MCA waveform. As shown in Figures 2 and 4 , when perfusion pressure was low on standing in patients with FD, MCA flow velocity during systole was preserved (p ¼ 0.7563), but during diastole was reduced by À32.9 AE 8.4 Á% (p< 0.0001). During hypotension, the MCA waveform became more pulsatile, with a significant increase in pulsatility index from sitting to standing (p ¼ 0.0041, Figure 4 ). There was also a Note the severe progressive orthostatic blood pressure fall, without compensatory tachycardia in the patient. Despite blood pressure being 60/30 mmHg, she did not complain of symptoms of cerebral hypoperfusion. Systolic and mean MCA flow velocity remained well preserved. The MCA velocity waveform shows increased pulsatility and deeper dichrotic notch, indicating low resistance in the cerebral arterioles to compensate for the decline in stroke volume. BP: blood pressure; CO 2 : end-tidal CO 2 levels; MCA: middle cerebral artery; HR: heart rate. Images were obtained from raw tracings recorded with PowerLab and processed with LabChart 7 (AD Instruments, Dunedin, New Zealand). noticeable deepening of the dicrotic notch and a decrease in the height of the dicrotic wave ( Table 1 , Figures 2 and 4) . These finding are all consistent with low resistance in the downstream cerebral arterioles.
Influence of CO 2
There was a significant positive correlation between end-tidal CO 2 and MCA blood flow velocity in patients with FD (R ¼ 0.820 AE 0.025, p ¼ 0.003) and controls (R ¼ 0.831 AE 0.045, p ¼ 0.014). The slope of the relationship was similar in both groups (FD 0.988 AE 0.247 vs. 1.804 AE 0.580 cm.s/mmHg, p ¼ 0.156). This suggests that patients have a normal responsiveness of the cerebral circulation to changes in end-tidal CO 2. A significant positive correlation between end-tidal CO 2 and blood pressure was found in 67% of patients with FD (16/24, data excluded in one subject), but in only 13% of controls (2/15) . This would suggest that in patients with FD, because of the absence of arterial baroreceptor buffering, changes in end-tidal CO 2 have a greater influence on peripheral vasculature tone and blood pressure.
Discussion
This study shows, for the first time, that patients born with baroreflex deafferentation retain the ability to buffer wide fluctuations in arterial pressure and autoregulate cerebral blood flow. Our data show that the ability of patients with FD to tolerate very low blood pressure is, at least in part, due to intact vasodilatation of the downstream cerebral arterioles and an expanded auto-regulatory range. This compensatory response allows patients with FD to remain asymptomatic with standing blood pressures that, in the general population, would typically result in severe orthostatic symptoms or syncope. 17, 20, 25 Previous studies of cerebral blood flow regulation in patients with FD are limited to small case series. All have postulated abnormalities in cerebrovascular control and auto-regulatory failure. [9] [10] [11] [12] [13] Early studies using Xenon-133 inhalation found resting regional cerebral blood flow to be increased in five patients 10 and areas of focal hyperperfusion were visualized with perfusion SPECT imaging during a hypertensive vomiting crisis in two patients. 11 Both studies were interpreted as indicating low cerebral vasoconstrictor tone due to sympathetic denervation. Transcranial Doppler measurements contradict this and were interpreted as showing increased cerebrovascular tone in the supine and upright positions, and during the Valsalva maneuver, 12, 13 which lead to the speculation that the cerebral vessels were more rigid. 9 The changes in the MCA waveform documented in patients with FD at the time of low blood pressure are similar to those observed during pre-syncope just before an impending vasovagal syncope, 22 and are indicative of low cerebrovascular tone. 26 In both cases, the cerebral vessels appear to be maximally dilated to compensate for the low driving force owing to reduced stroke volume on standing. 22, 27 On the rare instance that syncope does occur in patients with FD, it usually happens in the setting of a gastrointestinal bleed, severe dehydration, or severe hypoxia. This suggests that patients may have little remaining autoregulatory reserve to compensate for additional aggravating factors that reduce intravascular volume or decrease blood oxygen levels.
Earlier transcranial Doppler studies performed in patients with FD showed that the direct metabolic effect of CO 2 on cerebral vessels is intact. 13 In this study, we were also able to demonstrate that the cerebral vessels responded appropriately to changes in end-tidal CO 2 . It appears likely that CO 2 -induced cerebrovascular dilatation is playing a role in preserving blood flow when standing. Unlike patients with efferent autonomic failure 28 or those with recurrent vasovagal syncope, 17 patients with FD do not develop hypocapnia on standing. This may allow the cerebral arterioles to remain relaxed, maintaining low resistance to preserve flow in the setting of hypotension. 17 Higher levels of end-tidal CO 2 should also help maintain critical closing pressure low to preserve diastolic blood flow in the setting of hypotension. 29 Perfusion of the brain depends on the pressure gradient between the arteries and the veins (CPP). Cerebral venous pressure is difficult to measure but it approximates to the more easily measured intracranial pressure (ICP). Cerebral perfusion pressure (CPP) is estimated by subtracting ICP from mean arterial pressure (CPP ¼ MAP À ICP). On standing, pressure within the cerebral veins and sinuses in patients with FD is likely to be very low. 30 The fall in ICP may act as a further driving force, creating a negative pressure gradient ''suctioning'' blood through the cerebral arterioles. As recent work indicates that ICP falls on standing more than previously estimated negative ICP and may be an important contributing mechanism to maintain CPP during orthostasis even in normal subjects. 31 Unfortunately, ICP cannot be estimated reliably noninvasively. 32, 33 Unlike more common autonomic disorders, FD is a hereditary sensory and autonomic neuropathy (HSAN), expressed at birth. 34 To put our results into perspective, despite having an expanded autoregulatory capacity, 35 elderly patients with Parkinson disease and orthostatic hypotension develop symptoms of cerebral hypoperfusion when their mean blood pressure at the heart level falls below 75 mmHg, 25 whereas patients with FD remain asymptomatic at this level of blood pressure. Healthy controls experience near syncope when systolic blood pressure at the heart level reaches 80 mmHg and cerebral blood flow declines by 50%. 36 Patients with FD remain asymptomatic at systolic pressures at the heart level well below 80 mmHg and have only a 10% decline in MCA velocity. Moreover, patients with FD who have systolic blood pressures below 80 mmHg do not have a greater fall in MCA velocity than those that maintained their systolic blood pressure above 80 mmHg. This further emphasizes the ability of patients with HSANs to compensate for deficiencies in sympathetic activity on standing. 37 Whether the cerebrovascular auto-regulatory capacity of patients with FD differs to that of other autonomic disorders is something that should be explored.
Our study has limitations. It is possible that patients with FD may have had subtle signs of cerebral Figure 4 . MCA velocity. Key inflection points were identified at three peaks (P1: systolic peak; P2: reflected peak; and P3: following peak) and three troughs (T1: systolic velocity; T2: following trough; and T3: dichrotic notch). Data are averaged for 15 controls (upper panel, (a)) and 25 FD patients (lower panel, (b)), sitting (black lines), and standing (red lines). Average brachial blood pressure sitting (black) and standing (red) at the time of analysis are included. When perfusion pressure was low on standing in patients with FD, systolic flow was maintained while diastolic flow was reduced (panel (b)). Note also the deepening of the dichrotic notch in patients with FD when standing with hypotension. MCA: middle cerebral artery; MCA: middle cerebral artery blood flow velocity; BP: blood pressure. Data are mean AE s.e.m. hypoperfusion, which might have been revealed by testing cognitive performance. However, pressor responses to CNS arousal are markedly exaggerated in afferent baroreflex failure, and formally testing cognitive performance would have instantly resulted in increased sympathetic outflow and blood pressure. 3 We did not use a tilt table test as a means to administer orthostatic stress in our patients with FD, as they are known to have undue hypertensive reactions to medical procedures. We considered the active standing test closer to the real-life stress encountered by the patients on a daily basis.
Unlike previous studies in patients with FD, we did not find evidence of cerebrovascular stiffening or abnormalities in the capacity of the cerebral vessels to dilate or auto-regulate. 9, 12 These past assumptions were in part based on changes in MCA velocity during a Valsalva maneuver, a procedure that these patients cannot perform due to poor respiratory coordination and when attempted produces anxiety-induced sympathetic activation. 3, 38 Moreover, at the time that these previous studies were performed, patients were being treated empirically with high doses of fludrocortisone, which is known to affect vascular responsiveness. 39 Fludrocortisone is now only used sparingly in these patients. An important factor to also emphasize is that these are relative young patients, in whom we have demonstrated to have normal vascular endothelial function. 40 In conclusion, our findings underscore the remarkable ability of the cerebral vessels to auto-regulate blood flow in a severe congenital autonomic disease. Whether older adults with acquired afferent baroreflex failure have a similarly efficient auto-regulatory capacity is unknown.
